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a b s t r a c t
Deﬁning the organization and temporal onset of key steps in neurogenesis in invertebrate deuterostomes
is critical to understand the evolution of the bilaterian and deuterostome nervous systems. Although
recent studies have revealed the organization of the nervous system in adult hemichordates, little
attention has been paid to neurogenesis during embryonic development in this third major phylum of
deuterostomes. We examine the early events of neural development in the enteropneust hemichordate
Saccoglossus kowalevskii by analyzing the expression of 11 orthologs of key genes associated with
neurogenesis in an expansive range of bilaterians. Using in situ hybridization (ISH) and RT-PCR, we follow
the course of neural development to track the transition of the early embryonic diffuse nervous system to
the more regionalized midline nervous system of the adult. We show that in Saccoglossus, neural
progenitor markers are expressed maternally and broadly encircle the developing embryo. An increase in
their expression and the onset of pan neural markers, indicate that neural speciﬁcation occurs in late
blastulae – early gastrulae. By mid-gastrulation, punctate expression of markers of differentiating
neurons encircling the embryo indicate the presence of immature neurons, and at the end of gastrulation
when the embryo begins to elongate, markers of mature neurons are expressed. At this stage, expression
of a subset of neuronal markers is concentrated along the trunk ventral and dorsal midlines. These data
indicate that the diffuse embryonic nervous system of Saccoglossus is transient and quickly reorganizes
before hatching to resemble the adult regionalized, centralized nervous system. This regionalization
occurs at a much earlier developmental stage than anticipated indicating that centralization is not linked
in S. kowalevskii to a lifestyle change of a swimming larva metamorphosing to a crawling worm-like
adult.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The study of hemichordates, a deuterostome phylum closely
related to chordates (Bourlat et al., 2006), have provided novel
insight into the evolution of chordates. Although the body plans of
chordates and hemichordates have diverged, recent studies have
revealed a common expression pattern of key genes during early
body and brain patterning (Darras et al., 2011; Gillis et al., 2012;
Lowe et al., 2003, 2006; Pani et al., 2012). The direct developing
hemichordate, Saccoglossus kowalevskii, is proposed to possess a
rudimentary central nervous system of dorsal and ventral nerve
cords as an adult (Nomaksteinsky et al., 2009), even though it is
proposed to have a diffuse basiepithelial embryonic nervous
system (Bullock, 1940; Knight-Jones, 1951; Lowe et al., 2003). This
leaves open the question of how and when the diffuse embryonic
nervous system of Saccoglossus is reorganized into, or superseded
by, the adult system. To address these possibilities, we have
analyzed the timing and spatial extent of neurogenesis during
the embryonic development of S. kowalevskii.
S. kowalevskii is an enteropneust hemichordate, with a body
divided into three major regions: the proboscis (anterior), collar
(medial) and trunk (posterior). Hemichordate embryogenesis has
been well characterized and described previously (Bateson, 1884;
Colwin and Colwin, 1953) and more recently (Lowe et al., 2003).
Brieﬂy, a hollow blastula is formed from holoblastic cleavages
following fertilization (10 hpf). Vegetal cells ﬂatten to form the
vegetal plate (18 hpf), which invaginates during gastrulation
(19–28 hpf) to form a bilayered embryo consisting of an inner
layer endomesoderm and an external ectodermal layer fromwhich
the neuroectoderm, the precursor of the nervous system, forms.
During these early stages of development, the nervous system has
been described molecularly by examining the expression of the
neural progenitor markers, soxB1 and msi, and the neural marker,
elav, (Lowe et al., 2003) which are diffuse throughout the ecto-
derm – not segregated to the dorsal domain as seen in chordates.
As a free-swimming, ciliated embryo still within the fertilization
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envelope, the early embryonic nervous system is thought to
remain diffuse throughout the ectoderm with no concentration
of neurons localized either to the ciliary bands or to the dorsal or
ventral midlines (Bateson, 1884; Bullock, 1940; Lowe et al., 2003).
As development proceeds, a neural tube is formed in the dorsal
collar by modiﬁed invagination into an organization postulated to
be homologous to the CNS of chordates, and the dorsal and ventral
nerve cords form without invagination along the midlines of the
trunk (Kaul and Stach, 2010). Although long thought to be rich in
axons but devoid of nerve bodies, a recent study determined that
in Saccoglossus adults, the collar cord and dorsal and ventral trunk
cords are populated by elavþ cells, indicating that, similar to the
indirect developing hemichordates Balanoglossus and Ptychodera
ﬂava, the adult nervous system of the direct developing hemi-
chordate Saccoglossus contains proliferating and differentiating
nerve cells, as well as mature axons, and hence, is more centra-
lized than previously appreciated (Brown et al., 2008; Bullock,
1940; Nomaksteinsky et al., 2009). Whether these elavþ cells
contribute to the axon bundles in the nerve cords or only to short
axonal connections in the cord is unknown. Scattered, diffuse,
elavþ cells are also found throughout the trunk and proboscis of
the adult and have been proposed to represent the peripheral
nervous system (Nomaksteinsky et al., 2009). Whether the dense
nervous system of the proboscis of Saccoglossus represents a PNS
remains in question but is contradicted by evidence that the entire
proboscis of the developing embryo expresses a similar pattern of
neural genes as the chordate forebrain including the co-expression
of genes marking two forebrain signaling centers, the anterior
neural ridge and the zona limitans intrathalamica (Lowe et al.,
2003; Pani et al., 2012). It is clear that the nervous system of
Saccoglossus is far more complicated than appreciated, and to
better understand the ontogeny and phylogeny of both the
chordate CNS and PNS, a better understanding of when and how
the transition from diffuse to centralized within the collar and
trunk of Saccoglossus is necessary. To investigate this further, we
examine the development of the embryonic nervous system in the
early motile embryo of S. kowalevskii using conserved markers of
neural progenitors, differentiating neural cells and mature
neurons.
Neural development has been extensively studied in model
systems and in general can be broken down into three main
events: (1) neural induction; (2) the multistep process of neuro-
genesis; and (3) terminal differentiation. Neural induction occurs
when the cells of the ectoderm, which have the competence to
form either neural or epidermal cells, are restricted in their
potential, either by intrinsic or extrinsic signals, to form neural
tissue. These cells, neural progenitor/stem cells proliferate and,
during the process of neurogenesis, undergo asymmetric cell
division to produce a neural progenitor daughter and an immature
neuronal daughter cell, which exits the cell cycle and ultimately
differentiates into a neuron.
Here, we show that genes important for neural competence
and induction in chordates are maternally expressed in S. kowa-
levskii. We demonstrate that all ectoderm is maternally competent
to become neural tissue. The temporal expression of a suite of
neural markers indicates that neurogenesis commences during
gastrulation and differentiated neurons are ﬁrst formed after
gastrulation in a widespread distribution. We show that the
expression of some, but not all, neural genes is thereafter con-
centrated at the dorsal and ventral midlines of early neurula
embryos. Interestingly, although widespread expression of elavþ
cells in the proboscis persists throughout the embryonic
stages, elavþ cells accumulate along the trunk dorsal midline
of the motile embryo during the same developmental period
that the ectoderm is patterned along the anterior/posterior and
dorsal/ventral axes (Lowe et al., 2003, 2006). Expression of elav
accumulates at the ventral cord slightly later, however, much
earlier than previously appreciated. Together these data suggest
that the centralization/regionalization of the hemichordate ner-
vous system commences pre-hatchling, when the embryo is a
free-swimming ciliated embryo that has an apical tuft and
telotroch.
Methods
Hemichordate cDNAs and gene identiﬁcation
cDNA clones were a generous gift of John Gerhart and Chris
Lowe. The cDNA clones were identiﬁed from two EST libraries as
previously described (Freeman et al., 2008; Lowe et al., 2003).
Putative orthologs were conﬁrmed by constructing phylogenetic
trees (Supplementary Figs S2–S7) with Bayesian inference (BI)
using MrBayes 3.1.2 (Huelsenbeck et al., 2001; Ronquist and
Huelsenbeck, 2003) and with Maximum Likelihood (ML) using
PhyML (Guindon et al., 2010) with parameters optimized for each
gene using ProtTest (Abascal et al., 2005). See Supplementary
Table S2 for accession numbers and Supplementary Methods for
additional details. Previously characterized orthologs elav, msi,
soxB1 (previously called sox1/2/3) (Lowe et al., 2003), th, tph
(Pani et al., 2012), foxA, βcatenin (Darras et al., 2011), muscle lim
and snail (Green et al., 2013) were not included in this analysis.
Accession numbers
Gene GenBank or NCBI
Accession numbers
elav AAP79277
bruA ACY92481
gad ACY92535
msi AY313138
prox XP_002740897.1
soxB1
(previously sox1/2/3)
AAP79279
syt1 ACY92662
tph XP_002739077
th ADB22647.1
vmat XP_002733925.1
dclk ACY92505
Collection and culture of hemichordate eggs and embryos
Gravid adult S. kowalevskii were collected in May and September
from Waquoit Bay, in Waquoit, MA, and maintained at the Marine
Biological Laboratory (MBL; Woods Hole, MA) as previously
described (Lowe et al., 2003). Spawning, in vitro fertilizations, and
ﬁxations were performed as described (Lowe et al., 2003).
In situ hybridization
Chromogenic in situ hybridization was done as described (Lowe
et al., 2003) except that embryos were post-ﬁxed in 50% formal-
dehyde/MAB rather than in Bouin’s Fixative. FISH was performed
as described (Pani et al., 2012).
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Immunohistochemistry
For anti-serotonin antibody staining, embryos were ﬁxed as
described (Lowe et al., 2003) and rehydrated in phosphate buf-
fered saline (PBS, 0.1M, ph7.4, Cellgro, Mediatech, Inc, Manassas,
VA, USA) and 0.1% Tween-20 (PBST) and washed three times in
PBS, 0.1% bovine serum albumin (Sigma, St Louis, MO, USA), and
0.1% Triton X-100 (PBT) for 5 min per wash. The samples were
incubated with PBT and 5% goat serum at room temperature for
1 h followed by incubation in rabbit anti-serotonin antibody
(Sigma, cat. No. S554) diluted 1:200 in PBT and 5% goat serum
overnight at 4 1C. Samples were rinsed three times in PBT followed
by an overnight wash in PBT at 4 1C. Samples were then incubated
for 2 h at room temperature in goat anti-rabbit secondary anti-
body labeled with Alexa Fluors 546 (Life Technologies, Molecular
Probes, Eugene Oregon) diluted 1:200 in PBT and 5% goat serum,
washed three times in PBT and processed for analysis.
Photography
Embryos to be cleared were dehydrated in methanol, washed
using BB:BA (2:1 benzyl benzoate: benzyl alcohol) and either
mounted on slides or washed in permount (Fisher Scientiﬁc) and
mounted on slides for imaging. Cleared embryos were imaged
under differential interference contrast optics (DIC) and while
uncleared embryos were photographed in 1 MAB on agarose-
coated dishes. Chromogenic cleared embryos were photographed
using a Jenoptik ProgRes C14 camera on a Zeiss Axioplan 2 Imager,
a Zeiss Axiocam on an Axioimager or Q imaging micropublisher
3.3 camera on a Zeiss Axiophot. Embryos analyzed with FISH were
imaged with a 10 objective on a TE2000-U inverted microscope
(Nikon Instruments, Melville, NY) equipped with a Yokogawa
(CSU21; Solomere Technology, Salt Lake City, UT) spinning disk
confocal head and an iXon electron-multiplying CCD camera
(Andor Technologies, Belfast, Northern Ireland) as a 3D image
stack using SlideBook. Images were processed using ImageJ
(Rasband, 2012). Uncleared embryos were imaged with a Leica
DC 300 camera on a Leica S8APO microscope.
Small interfering RNAs (siRNAs)
Two siRNAs targeting different regions of the coding region of
β-catenin mRNA were designed and purchased from Qiagen and
resuspended as previously described (Darras et al., 2011). The
sequences are as follows: siRNA1 sense r(ACAUGCUGUUGUAAAU-
CUUUU), antisense r(AAGAUUUACAACAGCAUGUUU); siRNA2
sense r(CCAGAAUGCUGUCCGAUUA)dTdT, antisense r(UAAUCG-
GACAGCAUUCUGG)dGdC. Both siRNAs yield an identical, homo-
geneous and penetrant phenotype when injected at 1/10 to 1/100
dilution (in water).
Injections
Fertilized eggs (3–5 min after fertilization) were injected with
siRNA at approximately 1/10 the volume of the egg (200–300 mm)
with calcein (Sigma) under ﬂuorescence. Injected embryos are
screened for calcein ﬂuorescence at 4 h post injection (hpi) and
unsuccessfully injected embryos and embryos with abnormal
cleavage patterns were discarded. Embryos were collected 24 hpi
or 68 hpi and either ﬂash frozen or ﬁxed to be processed for in situ
hybridization.
RT-PCR
Twenty embryos were ﬂash frozen at desired stages. Total RNA
was isolated using PureLinks RNA Micro Kit (Life Technologies),
and cDNA was made using Tetro cDNA synthesis kit (Bioline)
following the manufacturer’s instructions. Semi-quantitative PCR
was performed using the following primers:
Gene Forward (50-30) Reverse (50-30)
soxb1 CTCAATCA-
CAAATGGCGCAG
CTGTCATAGTG-
TAACTCGTCGG
msi GCAAGAAAGCT-
CAACCCAAG
GCATATAGCCA-
TAACCAGGGAA
elav CTATTTACCCCA-
GACGATGACTC
ACCTCGCTCAG-
CAAATTCAG
syt1 TGACGATAGTTG-
TACTGGAAGC
AGCGTTCTCTTCT-
TGATACTGG
gapdh TAGATGCTGGTG-
CTAAGAAGG
TACACGAGG-
CATTGCTGACA
tph CCATACCCCAACTA-
CAAGACG
ACAATGGAAAA-
CACGGAATGC
gad TTAGA-
TATCGTGTCGTT-
GGCG
CCATCACCATCTT-
CAAAACCG
prox AGTTA-
CAGTGCTCCCAA-
CAG
GGCGGTTGAATT-
TGACATCAG
bruA GCCTATGGACAGC-
TAACTCAAG
TCAGCATCACC-
GAACTCTTG
foxA CGATCCCAAACTC-
CATAGCTC
TCAGTTTCGTT-
CAGTCTCACAC
muscle lim CAAGCCTACGCAA-
CAAACTG
ACTGAATGTCC-
ACAACGAGG
snail CCTGCGTA-
CAGTGTTCAAAGC
GTCCATCGCCA-
ATACTCGTT
odc ATCTGCCTTCACTC-
TAACTCTA
TTCGCCAC-
CAAATCCTCA
β-catenin CTTTACCACCACCA-
CAACCA
ATGGTG-
CATTTGTGGT-
GACT
Results and discussion
Steps and timing of neurogenesis
To better understand the steps of early embryonic neural
development in S. kowalevskii, we determined the timing of neural
events by examining the temporal and or spatial expression of
genes with conserved functions in neural speciﬁcation, neurogen-
esis and neuronal differentiation in deuterostomes or in both
deuterostomes and protostomes. To determine when neuroecto-
derm is speciﬁed, we examined the expression of two of the ﬁrst
genes expressed in the chordate neuroectoderm: (1) soxB1 (pre-
viously called Sox1/2/3 (Lowe et al., 2003)), an HMG containing
transcription factor expressed in embryonic and adult neural stem
cells required in chordates and Drosophila (SoxNeuro) for neuron
formation (Bylund et al. 2003; Doe et al. 1991; Graham et al. 2003;
Kamachi et al. 2000) and previously used to mark proliferating
neural competent ectoderm in S. kowalevskii (Lowe et al., 2003),
and (2) musashi (msi), an RNA binding protein expressed in neural
progenitors (Archer et al., 2011; Kawashima et al., 2000; Lowe
et al., 2003; Richter et al., 1990; Sakakibara and Okano, 1997).
In Saccoglossus, although soxB1 and msi are both expressed
maternally (Fig. 1B) as determined by semi-quantitative PCR, msi
expression is upregulated in gastrulae, 21 hpf, and is ﬁrst detect-
able by ISH in the ectoderm in mid-gastrulae (Fig. 1A, 24 hpf). After
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gastrulation is complete, the embryo undergoes elongation along
the anterior–posterior axis during which mesoderm speciﬁcation
and differentiation takes place (Green et al., 2013). During this
elongation, msi is expressed throughout the anterior ectoderm and
accumulates circumferentially at the presumptive collar (Fig. 1A,
white arrowheads), the region where the internalized dorsal collar
cord will form (Kaul and Stach, 2010). By 84 hpf, msi is expressed
in a region just caudal to the ciliary band (Fig. 1A, white arrow).
soxB1 is ﬁrst detectable by ISH during cleavage stages and
restricted to ectodermal cells during the blastula stages (data not
shown and Fig. 1A, 18 hpf). Although soxB1 is expressed mater-
nally, an increase in expression is detectable by semi-quantitative
RT-PCR at 12 hpf (Fig. 1B). Our interpretation of this maternal and
ectodermally ubiquitous expression of these classic neural pro-
genitors markers is that they are marking ectoderm, which is
competent to become neural and that this ectoderm may have the
autonomous capacity for neural speciﬁcation.
To determine whether the ectoderm can form neural tissue in
the absence of mesoderm or external signals from neighboring
tissues, we injected embryos with double stranded siRNAs target-
ing β-catenin. Knock down of β-catenin has previously been shown
to be required for the formation of the endomesoderm in S.
kowalevskii (Darras et al., 2011). As expected, siRNA injected
embryos are completely animalized and contain neither endoderm
nor mesoderm as determined by assaying for the endodermal
marker foxA by ISH (Fig. 2A B) at 24 hpf and 68 hpf or foxA and the
early mesodermal markers snail or muscle lim (Green et al., 2013)
by RT-PCR at 24 hpf (Fig. 2C). To determine whether these animal-
ized embryos were capable of undergoing neurogenesis, we
analyzed the expression of soxB1, immature neuronal markers,
elav, prox, and bruA, and the mature neuronal marker, syt by
RT-PCR (for description of markers see following sections). All
neural markers that we tested continued to be expressed in the
injected embryos. We conclude, therefore, in the absence of
mesoderm and endoderm, the ectoderm is still capable of under-
going neurogenesis.
To determine when neural differentiation is initiated and post-
mitotic immature neurons are ﬁrst formed, we analyzed the
expression of elav, prox, bruA, and dclk by ISH and RT-PCR
(Fig. 3). ELAV is a pan-neural, RNA binding protein, expressed in
dividing neural progenitors (Ratti et al., 2006; Berger et al., 2007;
Pascale et al., 2008; Hilgers et al., 2012) and post-mitotic neurons
and is required for neuronal differentiation in a wide range of
animals, (Perrone‐Bizzozero, 2002; Lowe et al., 2003; Benito-
Gutiérrez et al., 2005). Prospero/Prox, a homeobox protein neces-
sary for neural differentiation in Drosophila and vertebrates, marks
post-mitotic differentiating neurons in Platynereis and in the
diencephalon, spinal cord and eyes of chordates (Doe et al.,
1991; Torii et al., 1999; Larsen et al., 2001; Choksi et al., 2006;
Lavado and Oliver, 2007; Doe, 2008; Misra et al., 2008; Kerner
et al., 2009; Lavado et al., 2010). The Etr/bruno/CELF family of
proteins are RNA-binding proteins also expressed in post-mitotic
neurons (Brimacombe and Ladd, 2007; Knecht et al., 1995). At
present there is no consensus for referring to the Etr/Bruno/CELF
family members and the nomenclature used herein is the BrunoA/
B nomenclature as per Kerner et al., 2011 (see Supplementary
Table S1). Doublecortin-like kinase (DCLK) belongs to the Double-
cortin (DCX) family of proteins, is associated with microtubules
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Fig. 1. Orthologs of neural stem cells markers are expressed maternally and markers of neurons are expressed by early gastrula. (A) Expression of soxB1 ormsi in late blastula
(18 hpf), early gastrula (24 hpf), early neurula (36 hpf), late neurula (50 hpf), and 4 day (84 hpf) embryos. White arrowheads denote expression of msi in the mesosome, the
future collar. White arrows indicate the accumulation of soxB1 andmsi at a domain posterior to the ciliary band (the ciliary band, which does not stain for these or most other
markers, is indicated with a black bracket). (B) RT-PCR expression analysis of genes indicated on the left from oocyte to early neurula (35 hpf) as indicated across the top with
hpf and schematics. gapdh was used as the loading control. In schematics, shades of color indicate the following: blue, ectodermal tissue; yellow with red spots,
mesendoderm; yellow, endoderm; and red, mesoderm, adapted from (Bateson, 1884). In all ﬁgures, unless otherwise stated, views are lateral optical cross sections, with
anterior at the top left corner. In ﬁgures with day 3 or 4 embryos, dorsal is to the top right corner.
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from brain extracts and expressed in migrating immature neurons
(often referred to as neuroblasts) of the cortex (Burgess and Reiner
2000; Koizumi et al. 2006; Sossey-Alaoui and Srivastava 1999).
Surprisingly elav is expressed ubiquitously, albeit weakly, in the
ectoderm at mid-blastula stage (16 hpf) and is upregulated in the
ectoderm at the onset of gastrulation, 21–22 hpf (Figs. 1B and 3B).
Notably, this upregulation of elav expression coincides with the
upregulation of msi (Fig. 1B) and with the onset of expression of
the marker of post-mitotic cells, prox (Fig. 3A), suggesting that
neuronal differentiation is initiated in the early gastrula (see
discussion and Fig. 7). elav expression transitions from ubiquitous
in early gastrula embryos to punctate by late gastrula, 28 hpf
(Fig. 3C, compare i and ii, 24–32 hpf and compare Fig. 4, 24 and
28 hpf). This change in the elav expression pattern from broad to
punctate coincides with the onset of expression of the post-mitotic
neuron markers, bruA and dclk (Fig. 4). While commonly accepted
to denote post-mitotic differentiating neurons, elav has also been
cited to mark both neural progenitors and post-mitotic cells in
Drosophila and rats (Ratti et al., 2006; Berger et al., 2007; Pascale
et al., 2008; Hilgers et al., 2012). To determine whether elav is
expressed in neural progenitor cells in hemichordates, we exam-
ined soxB1 and elav expression in blastula (18 hpf), neurula
(36 hpf) and day 3 (62 hpf) stages of development (Fig. 3D).
Surprisingly, elav and soxB1 were co-expressed during blastula
stages, when elav expression is broadly distributed. When the
expression of elav transitions to a more punctate expression
pattern, elav and soxB1 were no longer expressed in the same
cells. We therefore interpret this change in pattern of elav expres-
sion from broad to punctate to signify the transition of these cells
from proliferating progenitor to post-mitotic immature neuron.
prox expression commences at gastrulation in discrete puncta
in the developing neuroectoderm (Fig. 3A-22 hpf) and like soxB1,
msi and elav, is excluded from the ciliary band (Fig. 4). Note that in
early gastrula embryos, prox is expressed in discrete puncta;
whereas elav, msi, and soxB1 are ubiquitous throughout the
ectoderm (compare Figs. 1A and 4). By late gastrula, 32 hpf, prox
expression is reﬁned to puncta in the proboscis, a domain caudal
to the ciliary band, and at the site of the future collar (Fig. 4,
28 hpf). This expression at the collar reﬁnes to two circumferential
rings of puncta (see Fig. 4, 32 hpf, inset) and persists throughout
development.
The expression of both bruA and dclk are extremely similar.
Their expression is ﬁrst detectable by ISH later than either elav or
prox at mid/late-gastrula (28 hpf) in two domains: the future
proboscis and the posterior ectoderm. Similar to prox, bruA and
dclk expression is ﬁrst detected as puncta (Fig. 4). This is the ﬁrst
report of dclk expression in nonchordate deuterostomes, and the
pattern and shared spatiotemporal expression with bruA suggests
that the ancestral role for this protein was in post-mitotic neurons.
To identify mature differentiated neurons, we analyzed the
expression of synaptotagmin 1 (syt1), a transmembrane calcium
sensor located at presynaptic vesicles and necessary for neuro-
transmitter release (Poskanzer et al., 2003). Using semi-
quantitative RT-PCR, syt1 expression begins by late gastrula and
is detectable by in situ hybridization by 32 hpf (Fig. 1B, 30 hpf and
Fig. 4). Similar to bruA and dclk, syt1 expression is punctate in the
proboscis and posterior ectoderm.
Based on the spatiotemporal expression of these genes, we
conclude that neural precursors are speciﬁed by blastula stage as
indicated by the up regulation of soxB1 and the onset of elav
expression. Furthermore, the combination of neuronal markers
expressed and their punctate pattern indicate that immature post-
mitotic neurons are present in mid-gastrulae (28 hpf) with
maturation of these neurons beginning by late gastrula stage
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Fig. 2. Autonomous neural speciﬁcation of Saccoglossus ectoderm. Embryos were injected with a siRNA targeting β-catenin and analyzed by in situ hybridization at (A) 24 hpf
and (B) 68 hpf and (C) by RT-PCR at 24 hpf. The expression of endomesodermal marker foxA and the mesodermal markers snail andmLim (A–C) were completely abolished in
the knockdown embryos. Expression of markers of neural competent ectoderm, soxB1, and immature neurons, elav, prox, and bruA were maintained in 24 hpf embryos
(A and C). The marker of mature neurons, synaptotagmin, continued to be expressed at 68 hpf in the absence of endomesoderm (B). Control, uninjected embryos are lateral
views. Injected embryos are lateral views in A and top views in B.
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(30 hpf). Speciﬁcally, we propose that a ﬁrst wave of neurons exits
the cell cycle as indicated by the onset of prox expression at 22 hpf
and begins differentiation as indicated by the expression of bruA
and dclk at 28 hpf. By 30 hpf, these ﬁrst neurons have begun to
mature, as indicated by the onset of syt1 expression (Fig. 4 and see
model Fig. 7).
gapdh
elav
22181614128
elav
723224 32hpf:
i.ii.iii.iv.
hpf: -RT
2212 16 18
prox
elav
hpf:
blastula
neurula
day 3
blastula
soxB1 elav hoechst merge
Fig. 3. elavmarks neural progenitors early and differentiated cells late. (A) Expression of genes marking immature neurons, elav and prox in mid-blastula (12 hpf and 16 hpf),
late blastula/early gastrula (18 hpf) and gastrula (22 hpf) embryos. The asterisk indicates the exclusion of elav from the mesendoderm. (B) RT-PCR expression analysis of elav
every two to four hours from 8 hpf. gapdh is used as the loading control. (C) Fluorescent in situ hybridization (FISH) of embryos stained for elav at the time indicated at the
top. Image i and iii are optical cross sections and ii and iv show surface views. Note the punctate expression in the proboscis. The white arrowheads mark the dorsal and/or
ventral midline expression of elav. (D) Double FISH of soxB1 (red) and elav (green) in embryos at the following stages: blastula/18 hpf, (ﬁrst and second row), neurula/36 hpf
(third row) and 3 day/68 hpf (bottom row). Blastula are surface views. Neurula and day 3 show cross sections of regions of the proboscis. The second row is a close up of the
top row. The embryos have been stained with Hoechst (Blue).
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Expression domains: dorsal and ventral nerve cords and collar
expression.
The initial expression of elav, bruA, and syt1 is circumferential,
with no bias to the dorsal or ventral sides or midline. However, the
expression of elav expression accumulates in the collar cord and
dorsal and ventral cords in the trunks of adult worms
(Nomaksteinsky et al., 2009). To determine when elavþ , bruAþ ,
and syt1þ cells are enriched at the collar cord and dorsal and
ventral midlines, we examined expression from late gastrula until
the third day of development. We ﬁnd that this dorsal trunk
midline accumulation is ﬁrst detectable by 44 hpf, coincident with
the reported timing of neurulation at the dorsal collar ((Bullock,
1940; Kaul and Stach, 2010) and Fig. 5A). In the late gastrula
embryo (32–36 hpf), bruAþ and dclkþ cells are found scattered
throughout the trunk, similar to the circumferential expression of
elav (compare elav, bruA and dclk expression in Fig. 4 to Fig. 5A).
However by 44 hpf, as seen with elav, the scattered bruAþ and
dclkþ cells in the trunk organize and concentrate at the dorsal
midline. Expression at the dorsal midline is evident ﬁrst as a small
square patch both rostral and caudal to the ciliary band (Fig. 5A,
44 hpf, white arrowheads). Cells also accumulate along the ventral
midline but this reorganization is delayed compared to that of the
dorsal trunk midline. Expression of both bruA and elav on the
ventral surface is ﬁrst a broad lateral stripe both rostral and caudal
to the ciliary band (Fig. 5A, ventral, brackets, 44 hpf), which
narrows to a diamond-shaped domain (Fig. 5A, brackets in
72 hpf). In contrast to elav, bruA or dclk expression, prox is not
expressed in the dorsal or ventral midlines of the 72 hpf/3 day
embryo, but remains circumferential, with expression strongest
within the collar (Fig. 4 and data not shown).
The collar is morphologically evident by 72 hpf and elav
expression is found scattered throughout the surface of the collar
(Fig. 5Ba, white bracket). Upon removal of the proboscis a
transverse view of the collar reveals expression in the collar cord
(Fig. 5Bb, open arrowhead). Furthermore, elavþ cells at the base of
the proboscis, leading to the collar cord, are evident (Figs. 4 and
5Bc, white arrow, collar cord; Fig. 4 open arrowhead, collar cord).
Therefore, the collar cord has formed by 72 hpf, while the dorsal
and ventral trunk cords, still visible at the surface of the embryo
are still forming. Signiﬁcantly, the collar and the dorsal and ventral
cords are forming in the free-swimming, ciliated embryo within
the fertilization envelope, which contains a ciliary band, and an
apical tuft but has not yet developed a post anal tail (personal
observations and Colwin and Colwin, 1953) indicating that
the regionalization of the CNS is not directly linked to a life-
style change (swimming to crawling) as previously proposed
(Nomaksteinsky et al., 2009).
At approximately the same time that elav and bruA expression
accumulates at the dorsal and ventral midlines (44 hpf), syt1 is
expressed in a circumferential ring at the future collar region
(Figs. 4 and 5A- syt1 44 hpf, black arrowheads). Like elav and bruA,
syt1 is scattered and punctate in the proboscis at 44 hpf (Figs. 4
and 5A); caudal to the collar. It is not until 72 hpf that syt
syt1
elav
24 28 32 44 72
prox
hpf:
bruA
dclk
Fig. 4. Timing of Neurogenesis. Expression of elav, prox, bruA, dclk, and syt1 in early gastrula (24 hpf), mid/late gastrula (28 hpf), post gastrulation (32 hpf), neurula (44 hpf)
and 3 day (72 hpf) embryos. Note that elav expression at 32 hpf, and prox at 44 hpf are surface views. A posterior/vegetal view of prox at 24 hpf is shown in the inset. A
surface view of prox at 32 hpf is shown in the inset, taken at the level indicated by the arrowheads. The white arrowheads show the dorsal and/or ventral midline expression
of elav, syt1, and bruA, and the black arrowheads indicate prox and syt1 at the collar. The white arrow indicates the cells at the proboscis/collar junction (elav, 72 hpf) and the
open arrowhead indicates the elavþ cells in the collar cord.
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expression is detected in the dorsal midline (Figs. 4 and 5A, white
arrowhead). On the ventral surface, syt1 expression remains
scattered throughout the ectoderm with circumferential expres-
sion at the collar (Fig. 4A, bracket and black arrowhead).
A similar reorganization of the neural progenitor markers along
the dorsal and ventral midlines, soxB1 and msi, is not detected
(Fig. 5C and data not shown). In these stages examined, expression
in the proboscis remains strong and circumferential.
These expression patterns indicate that the nervous system of
the late embryo and pre-juvenile (day 3) is organized in a manner
very similar to that of the adult Saccoglossus in so much as there
are elavþ , syt1þ cells along the dorsal and ventral midlines, and
bruA
elav
36
dorsal                ventral
44 72hpf:
syt1
dclk
36 44 72hpf:
 dorsal ventral
anteriorlateral
dorsal ventral
72
soxB1
msi
hpf:
elav
a b
c
Fig. 5. Concentration of neural gene expression at the dorsal and ventral midlines (A) Upper, Expression of bruA, elav, and dclk in late gastrula (36 hpf), neurula (44 hpf) and
3 day (72 hpf) embryos. All images are surface views; late gastrula images show lateral views, while neurula and 3 day embryo images show dorsal or ventral views, as
indicated. Lower, Expression of syt1 at 44 hpf was circumferential and dorsal/ventral axes were indistinguishable. Punctate expression of syt1 at the anterior end of the
proboscis is shown in the 44 hpf. (B) Expression of elav at 72 hpf. a and b. uncleared embryos. (a) Lateral view of embryo with proboscis removed. (b) Transverse section at
the anterior edge of the collar, denoted in (a) by the dotted line. (c) Dorsal view of cleared embryo. (C) Dorsal and ventral expression of soxB1 and msi at 72 hpf. White
arrowheads mark dispersed cells in the trunk domain of the late gastrula embryo. Notice the punctate expression in the proboscis and in the region posterior to the ciliary
band. Punctate expression just caudal to the base of the proboscis is shown and indicated with a white arrow for elav (inset) and dclk at 72 hpf. Black arrowheads indicate the
expression at the dorsal midline; note that the accumulation is posterior to the collar. The black brackets indicate the broad ventral midline expression. White brackets
indicate the location of the collar. The white arrowheads show the dorsal and/or ventral midline expression. The open arrowhead marks the collar cord. The white arrow
indicates the cells at the proboscis/collar junction. Red arrows indicate accumulation of soxB1 and msi expression posterior to the ciliary band (also see Fig. 1A, 72 hpf).
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elavþ cells in collar cord. This organization emerges at an earlier
embryonic stage than previously appreciated. Whether these cords
in the adult constitute a bone ﬁde CNS, for example with neural
processing as well as neurogenesis, and arise from condensations
of the diffuse system, are currently under investigation.
Neuron subtypes
To determine the spatiotemporal pattern of neuronal subtype
formation, we analyzed the expression of genes whose products
are required for neuronal function. Vesicular monamine transpor-
ter (VMAT) is an integral membrane protein found in membranes
of synaptic vesicles in the serotonergic, dopaminergic, adrenergic,
and noradrenergic neurons (Fei et al., 2010). The expression of
tryptophan hydroxylase (tph), an enzyme involved in the synthesis
of serotonin, is used to mark serotonergic neurons. Similarly,
tyrosine hydroxylase (th), an enzyme necessary for the synthesis
of dopamine, is used to identify dopaminergic neurons. The
enzyme glutamic acid decarboxylase (GAD) catalyzes the decar-
boxylation of glutamate to GABA and its expression is used to
mark GABAergic neurons. vmat and tph expression were the ﬁrst
to be detected by ISH, at 35 hpf (Fig. 6A–C) with tph also detected
by RT-PCR at 33 hpf, indicating that among the subtypes probed
for, serotonergic neurons are formed ﬁrst. gad and th expression
were ﬁrst detected in late neurula embryos, 50 hpf (Fig. 6D). All
markers were expressed predominantly in the proboscis at late
neurula stage (50 hpf), except for a few isolated vmatþ or thþ
cells in the developing collar region (Fig. 6A, E, and G black
arrowheads, and not shown), single vmatþ cells in the posterior
trunk region (Fig. 6B arrow), and a few thþ cells in the posterior
collar (Fig. 6D, red arrowhead, (also see (Pani et al., 2012));
notably, at the same time, the differentiating neuron markers such
as dclk and bruA are also concentrated along the trunk midlines.
tphvmat
35hpf: 50
gad th 5-HT
35 50
30 33 35 50 70
syt1
tph
gad
gapdh
hpf:
Fig. 6. Temporal expression of neural transmitter genes. (A) RT-PCR expression analysis of gad, tph, th, syt1 and gapdh from early neurula (30 hpf) to 3 day (70 hpf) as
indicated. gapdh is used as the loading control. For (B–D), the top row of each panel is an optical cross section and the bottom row is a surface view of the same embryo.
Expression of vmat (B) and tph (C) at late gastrula (32 hpf), and late neurula (50 hpf) embryos. (D) Expression of gad and th at late neurula (50 hpf). Black arrowheads indicate
individual cells vmatþ or thþ cells that are posterior to the thþ cells in the posterior collar. The black arrow shows a vmatþ cell along the midline of the embryo.
E. Immunoﬂuorescence with an anti-serotonin (5-HT) antibody on late gastrula (left, 30 h) and late neurula (right, 50 h) embryos. No staining was detected along either the
dorsal or the ventral midlines of the trunk at these developmental stages. Extensive axonal projections can be detected in the trunk. All the cell bodies are located within the
proboscis of the embryo.
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To determine whether the axons of the neurons extended along
the midlines, we analyzed the architecture of serotonergic neurons
using antibodies directed against 5-HT. All of the cell bodies detected
using anti-5-HT are located in the proboscis (Fig. 6E); this corre-
sponds to the tph expression detected using ISH (compare Fig. 6C
and E). Similar to tph expression, we ﬁrst detect 5-HT at approxi-
mately 35 hpf, early neurula (Fig. 6E). No 5-HTþ cells or axons were
concentrated at either the dorsal or ventral midlines at any of the
stages analyzed (Fig. 6E), and instead the cell body located in the
proboscis projects a long axon to the trunk of the animal.
Conclusion
We have described early steps involved in the development of
the nervous system of the direct developing hemichordate, S.
kowalevskii using markers conserved in fruit ﬂies and/or verte-
brates of neural progenitors (soxB1 and msi), differentiating
neurons (elav, prox, bruA and dclk), and mature neurons (syt1,
gad, th, tph, vmat and 5-HT). This development can be broken
down into several steps beginning with the speciﬁcation of the
neuroectoderm (Fig. 7). Based on the maternal expression of soxB1
and msi, we propose that neuroectoderm is speciﬁed by maternal
factors, similar to sea urchin (Angerer and Angerer, 2003; Yaguchi
et al., 2008; Wei et al., 2009; Angerer et al., 2011). We determined
that the ectoderm is indeed capable of undergoing neurogenesis in
the absence of signals from neighboring mesoderm and endoderm
as determined by analyzing gene expression in β-catenin knock
down embryos in which neither germ layer forms (Fig. 2). While
this is similar to neural speciﬁcation and development of the
anterior neural ectoderm (ANE) of sea urchin, the mesodermally
derived Organizer is required for neural induction in chordates
(Rogers et al., 2009; Angerer et al., 2011). It is possible that signals
such as Notch/Delta signaling or those derived from the meso-
derm, such as FGF are required for progression through neurogen-
esis and subtype speciﬁcation in Saccoglossus, and are the subject
of future studies. As in sea urchin and vertebrates, Wnt signaling is
necessary initially for the anterior–posterior patterning of the
ectoderm in Saccoglossus (Niehrs, 2010; Darras et al., 2011;
Range et al., 2013). We show that protecting the ectoderm from
Wnt signaling is necessary for neural formation (Fig. 2). Future
studies will investigate whether signals such as Wnt, BMP, and/or
Nodal are involved in development and positioning of the nerve
cords in the trunk of the stage 44 elongating embryo.
The earliest neural markers of Saccoglossus (soxB1 and msi)
share features with the earliest marker spSix3 in sea urchin. spSix3,
required for neurogenesis in sea urchin, is at or near the top of the
gene regulatory network and like soxB1 and msi in Saccoglossus is
maternally expressed throughout the neuroectoderm and upregu-
lated at the blastula stage (Wei et al., 2009), but in contrast, spSix3
expression is conﬁned byWnt signaling to the ANE and many of its
downstream targets are orthologs of vertebrate forebrain. Thus,
spSix3 is proposed to both specify neuroectoderm and later mark
the anterior neural territory of sea urchin. In Saccoglossus, similar
to vertebrates, six3 expression is conﬁned to the anterior ecto-
derm, the region proposed to be analogous to the forebrain
(Lowe et al., 2003; Wei et al., 2009; Darras et al., 2011). It remains
possible that soxB1 in Saccoglossus promotes a general ectodermal
fate similar to the role of spSoxB1 rather than to promote
neuroectoderm as proposed herein (Angerer and Angerer, 2003;
Kenny et al., 2003). Future studies will help to resolve this
discrepancy.
Progression through neurogenesis is marked by ubiquitous elav
expression at 16 hpf, which becomes restricted to puncta by 28 hpf
(Fig. 3C). Although conventionally used as a marker of post-mitotic
differentiating neurons, elav has also been shown to mark pro-
genitors in ﬂies and vertebrates (Ratti et al., 2006; Berger et al.,
2007; Hilgers et al., 2012). Indeed, we show soxB1 and elav are
co-expressed when their expression is ubiquitous (Fig. 3D). These
results suggest that prior to elav expression, soxB1þ ectoderm is
competent to become neural. However, at stages in which
elav expression is punctate and soxB1 expression remains ubiqui-
tous, we show soxB1 and elav no longer mark the same cells
(Fig. 3D), suggesting that the transition of elav expression to a
punctate pattern is indicative of cells undergoing differentiation.
In support of this, the transition of elav expression from broad to
punctate also coincides with the onset of expression of prox,
whose product drives neural progenitor cells to exit the cell cycle
and is required for neuronal differentiation (Choksi et al., 2006;
Misra et al., 2008). Furthermore, bruA and dclk expression is ﬁrst
detected at 28 hpf in a punctate pattern, coincident with the ﬁrst
elavþ puncta, suggestive of neuronal differentiation. From this
stage on, elav, dclk, and bruA have apparent overlapping punctate
expression domains (see Fig. 4 and Supplementary Fig. S6). At
30 hpf, 14 h after the onset of elav expression, and 2 h after
punctate elav, dclk and bruA expression, the expression of synap-
totagmin is ﬁrst detected, indicating the presence of the ﬁrst
terminally differentiated neurons.
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Fig. 7. Summary of neural developmental timing in S. kowalevskii. Based on the expression of markers of neural progenitors (soxB1 and msi), immature neurons (elav, prox,
bruA and dclk), and mature neurons (syt1, gad, th and tph), the timing of neural development in Saccoglossus is described and illustrated with bars above the hpf scale. The key
events are: (1) Neuroectoderm (ne) competence (green), (2) neuroectoderm (ne) speciﬁcation (based on coexpression of soxB1 and elav- light green), (3) immature neuron
formation (yellow), (4) maturation of neurons (red). Additionally, but not shown, dorsal and ventral midline accumulation of elavþ and bruAþ cells along the trunk is
detectable by 44 hpf. The transition of elav expression from diffuse to punctate is indicated by the pattern in the bar.
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The punctate expression of neuronal markers described herein
is reminiscent of the punctate expression patterns of neuronal
markers in both Drosophila and the vertebrate neural plate.
In each, lateral inhibition via Notch/Delta signaling is critical
in establishing this pattern. In Drosophila, lateral inhibition leads
to the speciﬁcation of a neural progenitor cell from a group of cells
within the neuroectoderm with the remaining cells fated to
become epidermis [reviewed in (Sprecher, 2012)]. In the chordate
neural plate, lateral inhibition is initially used to select the cells
destined to differentiate into neurons from a ﬁeld of neural
progenitors, with the Notch-expressing cells to remain in the
progenitor pool [reviewed in (Louvi and Artavanis-Tsakonas,
2006). Here, in Saccoglossus, the entire neuroectoderm is compe-
tent for neurogenesis and is marked by soxB1 andmsi (Figs. 1A and
2). We predict that neurogenesis then proceeds in a select few cells
at any one particular time, which we speculate is mediated via
lateral inhibition.
We have also documented the timing of collar, dorsal and
ventral trunk cord organization along the midline. The ﬁrst
detectable reorganization of trunk expression of elav and bruA
occurs at 44 hpf (Fig. 5A), coincident with invagination of the
collar cord (Bateson, 1885; Nomaksteinsky et al., 2009). The collar
cord is formed by 72 h (Figs. 4 and 5B, open arrowhead) and dorsal
trunk midline expression of elav, bruA, dclk and syt1 is detectable
as a stripe by 72 hpf (Fig. 5A), reminiscent of the elav expression in
adult Saccolgossus and metamorphic larval and adult Ptychodera
ﬂava (Nomaksteinsky et al., 2009). Ventral trunk midline expres-
sion follows shortly thereafter. Interestingly, prox and elav are not
co-expressed in the trunk as prox is not detected in the dorsal and
ventral midlines at the stages analyzed. Considering this and the
fact that prox expression commences in the embryo before the
punctate expression of elav, we predict that prox and elav are
marking different classes of differentiated cells, as seen in the
Drosophila antennal cells (Sen et al., 2003). It is possible that Prox
is controlling neurogenesis exclusively in regions outside the cords
or that prox expression is found in the cords at later stages of
development. Signiﬁcantly, it is highly enriched in the collar, a
region of extensive neurogenesis. At this same time, soxB1 and msi
expression are not concentrated at the midlines but this is not
surprising as they are likely also needed for the peripheral nervous
system that forms throughout the trunk ectoderm, and their
high levels of circumferential expression in the proboscis,
collar, and anterior trunk predicts a capacity for substantial
sustained neurogenesis at these locations. Because the reorganiza-
tion of expression of neuronal differentiation markers (elav, bruA,
dclk, syt1) happens so rapidly (o8 h (see Fig. 5A), we speculate
that the cords may form by either the migration of the existing
neurons to the midlines or an increased neurogenesis along the
midlines.
We have also determined the presence and timing of the birth
of neuronal subtypes. At the stages examined, expression of
neuronal subtypes is restricted to the proboscis. It is likely that
neuronal subtypes arise later in the cords of the collar and trunk,
but this will need to be determined. Markers of serotonergic
neurons, tryptophan hydroxylase, vmat, and α-5HT, are all ﬁrst
detected at 35 hpf, whereas markers of dopaminergic and GABAer-
gic neurons are not detected until 50 hpf. Even though this is not
the entire compendium of neuronal subtypes, this does indicate a
temporal organization of the developing nervous system. In
conclusion, while we have not analyzed all conceivable neuronal
markers, those presented here indicate a complexity to the
nervous system that had not been appreciated previously and
show that neuronal markers are expressed at substantial levels in
a diffuse distribution prior to localized midline expression in the
trunk, while dispersed expression continues in the proboscis and
collar.
Because hemichordates share a common ancestor with echi-
noderms and chordates, it is of importance to study and compare
the mechanisms and gene networks that drive neural develop-
ment and ultimately pattern the nervous system in each group.
These analyses can illuminate common and derived features of
chordate neural patterning, thereby clarifying the evolution of
deuterostome neural development. While there are several recent
studies analyzing signaling pathways and players in echinoderm
early neural development (Angerer et al., 2011; Range et al., 2013),
less is known about the sister taxa of hemichordates. We and
others have shown that the neural tissue of hemichordates has
three key elements: neural tissue (1) as marked by soxB1 and msi
develops early at fertilization (Fig. 1); (2) begins to differentiate as
marked by elav, prior to the emergence of mesoderm (Fig. 3) and
(3) is induced independent of BMP (Lowe et al., 2003). Herein we
have also demonstrated that the structure of the nervous system
of S. kowalevskii reorganizes from dispersed to regionalized much
earlier than previously appreciated (Figs. 4 and 5). These general
features are not evident in vertebrates or drosophila but are in
common with sea urchin.
The signals required to regulate neurogenesis in hemichordates
are not yet reported but studies thus far indicate that the key
signals to induce neural tissue in vertebrates (antagonism of BMP)
and in sea urchins are not utilized in hemichordate However,
although BMP and Nodal signaling are used in echinoderms to
position and restrict the neural tissue to the anterior (ANE) and
the ciliary bands (CBE) (Angerer et al., 2011), this sensitivity to
TGFβ pathways in neural development is lacking in hemichordates
and is what sets hemichordates apart from other deuterostomes
studied thus far. Given that the BMP signaling pathway is deployed
to restrict and position the neural territories of both chordates and
Drosophila and chordin and bmp are expressed and pattern the
dorsal–ventral axis in hemichordates (Lowe et al., 2006), the most
parsimonious explanation is that neural tissue in hemichordates
lost the ability to respond to BMP signaling. Why study hemi-
chordates then? We think that by deﬁning the genetic kernels
required for neural development in hemichordates and comparing
these to requirements of neural development of other deuteros-
tomes, we can better understand the evolutionary changes that
ultimately led to the development of the chordate nervous system
and what evolution can do. For example, we can explore what
neural structures develop in the absence of BMP sensitivity. This is
particularly interesting given that the expression of Chordin and
Noggin are present and act to pattern the dorsal–ventral body axis
of the embryo but not the ectoderm. In the future, we can address
what molecular changes occurred for the ectoderm to lose
sensitivity to BMP and if either the localization of the nervous
system to the dorsal or ventral nerve cord of Saccoglossus is under
the control of BMP.
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